As an approach to characterizing all human ATP-binding cassette (ABC) superfamily genes, a search of the human expressed sequence tag (EST) database was performed using sequences from known ABC genes. A total of 105 clones, containing sequences of potential ABC genes, were identified, representing 21 distinct genes. This brings the total number of characterized human ABC genes from 12 to 33. The new ABC genes were mapped by PCR on somatic cell and radiation hybrid panels and yeast artificial chromosomes (YACs). The genes are located on human chromosomes 1, 2, 3, 4, 6, 7, 10, 12, 13, 14, 16, 17 and X; at locations distinct from previously mapped members of the superfamily. The characterized genes display extensive diversity in sequence and expression pattern and this information was utilized to determine potential structural, functional and evolutionary relationships to previously characterized members of the ABC superfamily.
INTRODUCTION
The multidrug resistance/ATP-binding cassette (MDR/ABC) superfamily in humans includes genes whose products represent membrane proteins involved in energy-dependent transport of a wide variety of substrates across membranes (for review, see 1, 2) . The ABC family (also called traffic ATPases) is one of the largest superfamilies of proteins known in both prokaryotic and eukaryotic organisms and can be clearly distinguished from other ATP-binding protein families such as kinases (3) . In eukaryotes, ABC genes typically encode four domains consisting of two ATP-binding segments, and two transmembrane (TM) segments; half-molecules, containing one ATP and one TM domain also exist (4) . The ATP-binding domains of ABC genes contain motifs of characteristic conserved residues (Walker A and B motifs) spaced by 90-120 amino acids. This conserved spacing and the 'Signature' or 'C' motif just upstream of the Walker B site distinguishes members of the ABC superfamily from other ATP-binding proteins (3, 4) . These features have allowed new ABC genes to be isolated by hybridization, degenerate PCR and inspection of DNA sequence databases (5) (6) (7) (8) (9) (10) .
Previously characterized members of the superfamily include those transporting chemotherapeutic drugs (PGP1/3, MRP; [11] [12] [13] [14] ; peptide transporters involved in antigen presentation (TAP1/2; 15) and those involved in a number of inherited human diseases (CFTR, ALD, SUR, PMP70; [16] [17] [18] [19] . To date only 12 ABC genes have been identified in humans, although over 25 members of this highly conserved superfamily have been described in Escherichia coli alone (20, 21) . The fact that prokaryotes contain a large number of ABC genes suggests that many mammalian members of the superfamily remain uncharacterized.
As an approach to characterizing all human genes, several laboratories have been sequencing portions of cDNA clones from different tissues (22, 23) . During the last year the quantity of random human cDNA sequences has been grown exponentially (24) . Such expressed sequence tags (ESTs) are useful for identifying new genes, as tools for genetic mapping, and for the analysis of gene expression (25) . We have shown previously the usefulness of using ESTs to characterize a large gene family (7) . Here we present an example of an extensive study of the ABC superfamily aimed to characterize a maximum number of genes structurally, and ultimately, functionally.
RESULTS

Identification of ABC sequences and structural characterization of the new ABC genes
Potential ABC genes were initially identified by searching the dbEST database (26) using the N-terminal ATP-binding domain of the human multidrug resistance (MDR) gene PGY1, and the complete amino acid sequence of cystic fibrosis transmembrane conductance regulator (CFTR). The BLAST program (27) was used to search all six reading frames of each EST. Human clones that displayed matches with the highest scores were retrieved and examined for homology to other ABC genes. Analyses using the XREFdb program (30) with representatives from all of the major ABC gene subfamilies identified additional sequences. Table 1 displays the resulting clones and their highest alignment score to a known ABC gene. A total of 105 unique sequences were identified that are not identical to any known mammalian ABC gene. A total of 36 sequences from previously characterized ABC *To whom correspondence should be addressed at: Laboratory of Viral Carcinogenesis, NCI-FCRDC, Building 560, Room 21-18, Frederick, MD 21702-1201, USA genes were also identified. All known ABC genes were represented in the dbEST by at least one sequence (clone). This fact and the apparent saturation of the database, i.e. that fewer new ABC were detected in recent searches, leads us to the conclusion, that we have identified most of the human ABC genes. However, some new members of the superfamily may have gone undetected because of their restricted expression in specific tissues or cell types.
Mapping of human ESTs
To map the genes in the human genome, additional sequencing was performed on all available cDNA clones. This data provided additional information on the coding regions of the genes, and the 3′ untranslated regions were used to generate sequence tagged sites (STSs). A monochromosome somatic cell hybrid panel (Coriell Institute) was used to localize the new genes on human chromosomes (Table 1) . Additional mapping was carried out on CEPH YAC panels A and B or the GeneBridge 4 Radiation Hybrid Panel (Research Genetics) to define the location more precisely. We were able to map 5 out of 21 genes (25%) on YACs (Table 1) , primers to the rest of the clones failed to amplify YAC DNA, most likely due to limited representativity of the YAC pools. Many of these genes were successfully mapped on the radiation hybrid panel.
All mapping data are summarized in Table 1 . Gene EST123147 was mapped to 6p21 and to YACs 924_b_3, 225_b_1 and 368_d_7 within the HLA Class I region, between HLA-E and HLA-A. The hemachromatosis gene has been mapped to this region and is responsible for an iron transport/metabolism disorder (33) . However, additional mapping of the EST123147 gene placed it just telomeric to HLA-E, outside of the hemachromotosis critical region (data not shown). The full-length cDNA sequence of EST123147 was obtained by 5′ RACE, and showed that the gene contains two ATP-binding domains and has 42% aa identity to the yeast GCN20 gene (34) . GCN20 encodes a cytoplasmic protein that plays an important role in yeast translational control under amino acid starvation conditions. This gene (EST123147), together with the EST133090 and EST201864 genes, that map to 7q35-qter and 3q25 respectively, form a new subfamily of ABC proteins in humans that lack transmembrane segments and consist only of one or two ATP-binding domains.
Expression of the new ABC genes
Expression studies of the new genes were carried out using Northern blots of different human tissue RNA. The genes display considerable variation in transcript sizes and tissue specificity ( Table 1 , Fig. 1 ). Most eukaryotic ABC genes encode four domains, full molecule (FM), consisting of two transmembrane (TM) and two ATP-binding segments, although half-molecules (HM), consisting of TM-ATP or ATP-ATP also exist (4). The majority of the newly characterized genes fell into the first category, containing four domains and transcript sizes ranging from 6 to 10 kb (Table 1) . Six genes expressed mRNAs in the range of 3.5-4.5 kb and appear to represent TM-ATP half-molecules, whereas three genes, namely EST123147, EST133090 and EST201864, contained only ATP-binding domains in their sequence and are encoded by a 1.3-3.0 kb message. Analysis of the full-length clones will be required to confirm some of these assignments. Most of the new genes were expressed in all tissues examined ( Table 1 , Fig. 1 ). However, in a few cases ( Fig. 1B and C) different size messages were detected in different tissues, the nature of these alternate transcripts remains to be investigated. Some genes, i.e. EST90757 and EST172291, showed detectable expression only in selected tissues, mainly liver. In a recent paper (35) a rat liver-specific gene similar to MRP was described. A mutation in this gene, cMOAT (canalicular multispecific organic anion transporter), was found in the TR -rat. This strain displays congenital jaundice (36) and is a model for the human DubinJohnson syndrome (OMIM #237500), a hyperbilirubinemia. Sequence comparison and expression data revealed that the EST172291 gene is most likely the human homologue of the rat cMOAT, the sequence identity being 89% on aa level (Fig. 2) . Another liver-specific gene, EST90757, was also shown to be closely related to MRP (Table 1 , Fig. 2 and 3 ). Expression studies of these genes in human tumor cell lines are in progress to investigate the potential role of these MRP homologues in drug resistance and anion transport.
Sequence diversity and phylogenetic analysis
In order to analyze the extent of evolutionary relatedness between the EST sequences and known ABC genes, a phylogenetic analysis was performed. The amino acid sequences were aligned with PILEUP and trimmed to a common overlapping region of 220 residues. The results in Figure 2 show that the EST sequences contain conserved amino acids that are found in all known members of the gene family, but are distinct from all previously characterized genes. Number of clones, how many clones are in an EST contig; Library, tissue/cell line source of a cDNA library; Te, testis; IBr, infant brain; Fli/s, fetal liver/spleen; Li, liver; Flu, fetal lung; S, spleen; H, heart; Lu, lung; Pla, placenta; Pa, pancreas; Pais, pancreatic islands; Agl, adrenal gland; PBL, peripheral blood cells; Br, breast; Hi, hippocampus; Mel, melanocyte; B, brain; OlfE, olfactory epithelium; Fibr, fibroblast; Ret, retina; Mu, skeletal muscle; Location, chromosomal position based on somatic cell hybrids; YAC/RH, YAC address or closest marker on radiation hybrids panel; Hu, human; Mu, murine; S.ma., Schistosoma mansoni; S.po., Schisosaccharomyces pombe; S.ce., Saccharomyces cerevisiae; C.el., C. elegans.; E.co., E.coli. Best match/ accession no., ABC gene displaying the highest alignment score /its accession number; Score, aa alignment score to the best match as determined by BLAST; Subfamily, subgroup of the ABC genes determined by evolutionary analysis (Fig. 3) To initially study the phylogenetic relationships of the newly described ABC genes to the rest of the superfamily, two distinct methods of phylogenetic reconstruction were used. Maximum parsimony and distance-based neighbor-joining methods both yielded similar results, supporting our conclusions, shown as the maximum parsimony phylogram on Figure 3 . In addition, a bootstrap resampling of 100 iterations in both methods was performed to gauge the reliability of our data to consistently derive the same tree (see Materials and Methods). Groups of genes that were statistically supported by bootstrap values greater than 70 formed six subfamilies (CFTR/MRP, ABC1, GCN20, ALD, OAB, PGP/TAP). Available structure-functional information supported joining genes into these subfamilies.
In the case of the CFTR/MRP subfamily, the N-and C-terminal domains of the different proteins cluster together but are significantly diverged from one another as shown previously (14, 37) . This is in contrast to the MDR/TAP subgroup of genes, where the two domains are paired together, suggesting a recent duplication event. The GCN20-like genes are clearly more related to one another and to the yeast GCN20 gene than to the other human ABC proteins.
DISCUSSION
We present here an extensive characterization of the human ABC gene superfamily. A total of 21 new genes from this superfamily were mapped and partially sequenced. The phylogenetic relationship of these genes was examined to initially organize the genes into subfamilies. This data provides clues as to the putative function of these new ABC genes.
To date 13 genes of the ABC superfamily have been described (2) . The addition of 21 new genes brings the number of the ABC family members in humans to 34, which is close to a number of known bacterial ABC genes. At least one EST hit to each of the known human ABC genes was observed, documenting that the EST database is becoming highly representative. In addition, recent searches of the exponentially growing database have not yielded additional gene family members. Therefore it seems likely that we have identified most of the gene family, and that only a few human members of the superfamily may remain uncharacterized.
Human ABC genes have been found on almost all human chromosomes and show no clustering. Known (TAP1 and 2) or predicted (ALD and PMP, 36; EST45597 and EST140535, this study) pairs of half-molecules that form a functional heterodimer are structurally very closely related. At the same time, mapping data indicates that these genes can be located either next to each other on the same chromosome or on different chromosomes. Many of the genes have been placed onto YAC contigs, or mapped with radiation hybrids. Further mapping in both the human and mouse genomes should aid in correlating these genes with genetic diseases/phenotypes.
Phylogenetic studies indicate that at least six well defined subfamilies of proteins exist within the ABC superfamily. This analysis agrees well with an analysis of the ABC genes of the yeast Saccharomyces cerevisiae (37) . Yeast have at least five ABC gene subfamilies, and the human genome contains the same groups. The human genome contains an additional subfamily represented by ABC1 and ABC2. The complete sequence of the yeast genome will allow all of the ABC genes from a single eukaryote to be identified.
One subfamily includes three previously undescribed human genes that are homologs of the yeast GCN20 gene. This subfamily is separated from the others not only by the divergence of the ATP-binding domain sequence, but also by the fact that these proteins do not possess transmembrane domain(s). The putative role of these proteins as translation initiation regulators is under investigation by the means of complementation studies. The only other eukaryotic member of the ABC superfamily that does not contain transmembrane domains is the 2′-5′ oligoadenylate binding protein (OAB, 38), which is a representative of a separate subfamily (Fig. 3) . Still, the ATP-binding domains of OAB are most closely related to the GCN20 subfamily, suggesting that these putative non-transporters may have a common origin. These proteins are most likely derived by fusion of two different ATP-binding domains.
The MDR/TAP subgroup includes functionally diverse proteins, that consist of either four (FM) or two (HM) domains. The common feature of the proteins within this subfamily is a high similarity of their N-and C-terminal ATP-binding domain sequences, possibly due to a relatively recent duplication event.
Proteins of this subfamily, especially those homologous to PGP (i.e. EST20237), could function as drug transporters. Our preliminary data indicates that EST20237 is overexpressed in certain myeloid tumor cell lines.
Similarly, proteins that are members of the CF/MRP subfamily might function as transporters of cytotoxic drugs. The EST90757 gene mRNA is overexpressed in a number of tumor cell lines, whereas its expression is limited to a few normal tissues. All known genes of this subfamily encode for four domain (FM) proteins, but unlike the previous group, the N-and C-terminal ATP-binding domains of the same protein are extremely diverged. This is an interesting case of structurally and functionally similar proteins that have potentially evolved by different means. It has been proposed (37) that CF/MRP subfamily genes may have evolved from a common full-length (FM) progenitor and that the two halves of the protein perform distinct functions. Initial fusion of two half-molecules (HM), containing one TM and one ATP-binding domains, or ancient gene conversion between CF/MRP and MDR/TAP subfamily progenitors are other possible explanations for how this subfamily may have been initiated. Additional analyses of mutation rates may prove fruitful in the future refining our understanding of the evolutionary origin of all subfamilies.
We have shown that characterization of a gene family by analysis of the EST database is an effective strategy. We were aided in this analysis by the fact that ABC genes have a large domain that is highly conserved, and there are a number of characterized genes from this superfamily to use in database searches. In addition, the ATP-binding domain is almost always in the 3′-end of the gene, and EST sequences are biased towards the 3′-end. In fact the only human ABC subfamily that is underrepresented, in comparison to yeast, is the PDR5 subfamily, and ATP-binding domains are located at the N-terminus of PDR5 sufamily genes. There are at least five PDR5-related genes in yeast and only one identified to date in humans. As the EST database grows to better represent the full spectrum of mammalian cell types, this resource will become increasingly more valuable for identifying biologically important genes.
MATERIALS AND METHODS
Sequence analysis
Searches of the dbEST (26) database were performed using BLAST on the NCBI file service (27) . Amino acid alignments were generated with PILEUP (28) . Sequences were read with an IBI Gel Reader and analyzed with the Genetics Computer Group package of programs (29) Phylogenetic trees were generated from the amino acid alignments using PHYLIP (Phylogeny Inference Package) Version 3.5c (31) . Two programs were utilized: NEIGHBOR, implementing the Neighbor-Joining distance matrix method, and PROTPARS, Protein Sequence Parsimony Method. Bootstrap resampling of 100 iterations was performed to test the reliability of the associations in both methods. In this analysis resamplings of the original data set is performed to create 100 new data sets. A consensus of the resulting 100 trees measures the consistency of the phylogenetic signal within the original data. Bootstrap proportions >70% were considered strong support for the adjacent node (39) .
Polymerase chain reactions
Primers to EST sequences were designed using the PRIMER program (32) . Reactions were performed in 1× PCR buffer (Boehringer Mannheim). Samples were heated to 96_C for 5 min, amplified for 35-40 cycles of 96_C, 30 s; 58_C, 30 s; 72_C, 1 min. PCR products were analyzed on 1.5-2% agarose gels and digested before that with appropriate restriction enzyme to verify their sequence, if needed. Primer sequences and specific reaction conditions have been submitted to GDB.
Northern hybridization
DNA fragments used as probes were purified on a 1% low-melting temperature agarose gel. DNA was labelled directly in agarose using the Random Primed DNA Labeling kit (Boehringer Mannheim) and hybridized to MTN blots (Clontech), according to the manufacturer's instructions. Each blot contains 2 ug poly(A) + RNA from various human tissues.
